Abstract: Experimental studies of pH-responsive expansile nanoparticles (eNPs) have been carried out using tunable resistive pulse sensing (TRPS) and nanoindentation. The eNPs are initially ~200 nm in diameter, but increase in size owing to a compositional change resulting from cleavage of pH-labile protecting groups on the polymer backbone at low pH. TRPS detected expected changes in the size of eNPs, most clearly through an increase in the size distribution close to ~1 µm diameter with time after exposure to pH 5.0 electrolyte. Heavily cross-linked nanoparticles and eNPs kept at neutral pH did not produce such pronounced changes. Nanoindentation results demonstrate that for accurate measurement of eNP mechanical properties, particles must be precisely located and securely fixed to the substrate. Moreover, the expanded eNPs may be too weak to respond to conventional nanoindentation. Nanoscale physical characterisation of soft matter is of burgeoning importance in medical and biotechnological research and applications.
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Introduction
Nanoscale physical characterisation is an emerging field in contemporary soft matter research. The importance of cell mechanosensitivity is already recognised, as it has emerged that mechanical interactions affect the way cells orient themselves [1] , and play a role in cancer development [2] , for example. On smaller length scales, there is growing interest in the fundamental nature and nanomedical applications of many soft particles, especially extracellular vesicles [3] and drug delivery vehicles [4] . Accurate study and characterisation of such particles is made difficult by the complexity of their natural biofluidic environment, high particle size dispersity, and the challenges of mechanically interacting with soft matter.
There are various methods for studying the mechanics and other properties of soft nanoparticles. Atomic force microscopy (AFM) has long been used to image and analyse cells in liquid environments, and related techniques such as aspiration [5] and indentation [6] are designed to yield mechanical data such as the membrane stiffness. Broader characterisation can include size and charge measurement using methods such as dynamic light scattering (DLS) [7] , particle tracking analysis [8] , and resistive pulse sensing [9, 10] .
In this study we are interested in nanoscale characterisation of polymeric expansile nanoparticles (eNPs). These particles swell in response to a low pH (e.g., found within tumours and the endosomal compartments of cancer cells) which allows them to release chemotherapeutic agents specifically at sites of tumour [11] [12] [13] . These particles differ from biological particles and emulsions because they have no outer membrane, and so they present distinct challenges for nanoscale characterisation. For all nanoparticulate drug delivery systems, physical properties (including size, charge and concentration) can affect the circulation time, delivery, localisation, cellular uptake, drug release profile and systemic toxicity of nanoparticles in vivo [14] .
We report on preliminary investigations of eNPs using two nanoscale characterisation techniques. The aim is to demonstrate and explore the use of these techniques to analyse the properties of eNPs. The first is tunable resistive pulse sensing (TRPS) [10, [15] [16] [17] [18] [19] , a method for high throughput particle-by-particle analysis of submicron colloids which can yield information regarding particle concentration [20, 21] , size [10] and charge [9, [22] [23] [24] . In TRPS, particles suspended in aqueous electrolyte pass through a single pore in an elastomeric membrane. The ionic current through the pore is disrupted when a particle passes through, generating a resistive pulse ( Figure 1 ). The geometry of TRPS pores can be tuned by stretching and relaxing the membrane, providing a utility that has resulted in a recent surge of TRPS research, including many studies of soft colloidal particles [16] . Among these have been liposomes [25] and hydrogel particles [26] which, like eNPs, are stimulated to release their payload in the slightly acidic conditions (pH 5.0) found within a cell's endosomal compartments. TRPS is of particular interest for eNPs because it was recently shown [11] that TRPS can not only be used to measure eNPs, but also to mechanically interact with them. The second technique we report on is nanoindentation, an established method for mechanical studies of hard materials, but for which extension to soft materials is non-trivial. 
Particles and solutions
The particle sets investigated were polymeric eNPs, 30% crosslinked eNPs (CLeNPs) (using TRPS and nanoindentation) and poly(lactic-co-glycolic acid) (PLGA) particles (using nanoindentation only). eNPs and CLeNPs were synthesised with a slight modification to the miniemulsion polymerisation method described by Landfester et al. [27] , using a monomer (5-methyl-2-(2,4,6-trimethoxyphenyl)-[1,3]-5-dioxanylmethylmethacrylate) and cross-linker (1,4-O-methacryloylhydroquinone) at 1.5 wt% and 30 wt%, respectively [11, 28] . Particles have previously been characterised using scanning electron microscopy (SEM), DLS and TRPS [11, 28] . At a neutral pH, the eNP polymer is hydrophobic owing to the trimethoxybenzylidene acetal protecting groups on the polymer backbone; this affords compact, solid nanoparticles. At mildly acidic pH these protecting groups are cleaved off via hydrolysis leading to a compositional change from hydrophobic to hydrophilic. This compositional change induces water infiltration into the polymer network and results in overall particle swelling [11] . For TRPS, particles were diluted at concentrations of approximately 10 9 -10 10 mL -1 in phosphate buffered saline (PBS), pH adjusted using HCl to pH 5.0 or 7.4. To aid pore wetting, 0.01% Triton-X 100 was added. Particles were dispersed by vortexing for 5 s, and sonicating at high power for 10 min. For nanoindentaton, particles were dried onto glass panes prior to insertion into the indenter apparatus. A droplet of nanoparticles suspended in pH 7.4 electrolyte was placed onto a glass pane and then dried in a closed environment at room temperature for approximately 24 h. Specimens were then submerged in a solution of pH 5.0 acetate buffer for 72 h before they were dried and measurements were repeated.
Tunable resistive pulse sensing (TRPS)
TRPS was carried out using the qNano apparatus (Izon Science, Christchurch), which has been described in detail previously [15] [16] [17] [18] [19] . Data were analysed using Izon Control Suite v2.2 software. Particle size is determined from the linear relationship between particle volume and resistive pulse magnitude ∆R generated by that particle [10] . Most commonly, calibration particles of known volume V c are used, so the unknown sample particle volume V s can be calculated using where ∆R s and ∆R c are the resistive pulse magnitudes generated by sample and calibration particles, respectively, under the same experimental conditions. This sizing procedure is independent of particle speed, and therefore the pressure applied across the membrane. The particle suspension was added to each half of the qNano's fluid cell, and an ionic current I 0 was driven and recorded by application of a potential V 0 across the two halves of the cell. The analogue digital converter operates at 1 MHz, which is reduced to a sampling rate of 50 kHz through electronic filtering.
Owing to the expected high dispersity of expanded eNPs, two pore specimens were used. The manufacturer's specification was that these pores were suitable for measuring particles in the range 100-400 nm (NP200) and 500-2000 nm (NP1000). During each measurement, experimental parameters were optimised to achieve stable measurements, with I 0~1 30-150 nA. The tunable nature of the pores means that optimal settings for a specific pore varied between experiments ( Table 1) . The 'stretch' is the distance between opposite jaws on the qNano, which indicates the degree of strain applied to the membrane. Calibration particles for size measurements were 212 nm and 960 nm carboxylate polystyrene particles (Izon Science, Christchurch) for the NP200 and NP1000 pores respectively. For NP200 measurements on day 3, a higher pressure was applied using the instrument's manometer owing to the low resistive pulse rate. 
Nanoindentation
A Hysitron TI950 Triboindenter (Hysitron, Inc., Minneapolis, MN, USA) equipped with a diamond Berkovich (three-sided pyramid) indenter tip and a scanning probe microscope (SPM) was used for nanoindentation measurements. The tip's shape was calibrated by indenting a standard fused quartz sample of known hardness. Nanoparticles on glass panes were identified using SPM, and displacement-controlled indentation was performed with an applied load of 0.25 µN. Initial tests indicated that particles were stiff enough to use the standard Oliver-Pharr method [29] for calculating hardness. To ensure that particles were held in place by solvent residues, contact mode imaging was carried out using a 2 µN force raster. The particles produced clear images, indicating their stable adhesion to the slide.
Results and discussion

TRPS results
The volume change of eNP samples was examined over three days of suspension in electrolytes at pH 5.0 and pH 7.4, corresponding to pH values found in the late-endosome/ lysosomal compartments of tumour cells where eNPs are sequestered [30] (slightly acidic) and general physiological environments respectively. Measurements were compared with a sample of CLeNPs which were not expected to increase in size at reduced pH. Figure 2 shows that, as expected, the size of eNPs suspended in pH 5.0 electrolyte increased. On day 1 (~1 h after suspension), the mean eNP diameter measured using the larger pore increased by 67%. By day 3 the corresponding increase was greater (118%) while a slight increase (25%) was also observed in the pH 7.4 electrolyte. This could be owing to some degradation of the sample, or statistical variation. Similar but smaller increases in particle volume were observed by day 3 for the CLeNPs in both electrolytes (5% and 46%). For both eNPs, negligible changes (<5%) were recorded using the smaller pore under any conditions because the size distribution shift for expanded eNPs occurred beyond the size measurement window for this pore.
Each size distribution in Figure 2 represents many resistive pulses (183 < n < 1766). For all of the cases in which the mean diameter increased between days 1 and 3, a one-tailed two-sample z-test rejects the null hypothesis that the distributions are the same at 1% significance. It is likely that avoidance of systematic error in reproducing the experimental conditions is of greater concern than statistical variation. Also, any pore has lower and upper size detection thresholds which limit quantitative analysis for highly disperse particles such as expanded eNPs. Pulse rate can be used as an alternative indicator of changes within a sample. When using the larger pore with pH 5.0 electrolyte, the pulse rate per unit pressure initially increased by 200% after 1 hour's suspension, but by day 3 there was an overall decrease of 20% owing to degradation of the swollen particles. These results are in agreement with those of Colby et al. [11] who used TRPS for similar comparative measurements before and after application of a drug-release stimulus (acidic pH). Their SEM measurements indicated that eNPs are 20-200 nm in diameter near pH 7.4, but expand to 200-2000 nm at pH 5.0 as the polymer matrix breaks down. Samples prepared for SEM may not be subjected to vortexing and sonication (as required for solution-based measurements), and it is possible that these procedures affect particle size distributions. These SEM measurements were supported by TRPS measurements in which the proportion of particles measured using a relatively large pore increased from <1% to 90% over five days, and the average particle diameter increased from 876 ± 259 nm to 1339 ± 516 nm between days 3 and 5. The same study [11] also observed that the pulse durations caused by expanded eNPs became larger and more irregular when the applied stretch was decreased, suggesting that the soft expanded nanoparticles squeeze through the pore. This squeezing phenomenon was also observed in the present experiments. A large range of particle sizes was observed for the swollen eNP sample, with the largest particles generating very long duration blockades (Figure 3 ). This presented measurement difficulties owing to the similarity between a pore blockage caused by adhesion of particles or debris to the membrane (requiring changes to the experimental settings) and a particle squeezing event. of pulse magnitudes (relating to particle size) and pulse durations (showing particles squeezing slowly through the pore). Inset, a scatter plot of particle sizes and pulse full width half maximum (FWHM) durations for the same sample (see online version for colours)
Nanoindentation
Hardness values obtained from nanoindentation were compared for eNP, CLeNP and PLGA particles at neutral and acidic pH (Figure 4) . Hardness values for the three nanoparticle samples at neutral pH were very similar. All three particle types were found to be relatively soft with hardness values of 100 MPa or less, as expected for polymers. Following submersion in the pH 5.0 electrolyte, the hardness value for PLGA particles tripled, the hardness of the CLeNPs did not change significantly, and the measured hardness of the eNPs increased 30-fold. It is expected that eNPs in their swollen state should be soft, as inferred from TRPS experiments with long pulse durations, and consistent with breakdown of the eNP polymer matrix. It therefore appears that the swollen eNPs were too soft for this technique (as applied), and that these hardness measurements are likely to be influenced by the substrate on which the particles were dispersed. Nanoindentation of the bare glass panes gave a hardness value of 9265 MPa, approximately three times that of the swollen eNPs, indicating that the expanded eNPs do somewhat shield the hardness of the substrate. Errors can also be introduced owing to adhesion of the particles to the nanoindentation tip, which can be rectified using different data fitting methods, coating the nanoindentor tip, or submerging the sample in a surfactant [31] . It may also be necessary to hydrate the particles before testing to obtain data corresponding to the mechanical properties of eNPs in solution [32] . Other changes to this experimental set-up, such as reliable methods of fixing and locating particles, would be required for more useful measurement of soft particles such as eNPs. 
Conclusion
TRPS and nanoindentation were investigated as techniques for analysing eNPs. TRPS was able to detect large changes in population distributions, such as the swelling of eNPs at pH 5.0. This could be compared with much smaller changes for the 30% crosslinked particles of the same material. For more precise characterisation of such highly disperse particle sets, understanding the size measurement window is a limiting factor at present. Nanoindentation measurements showed that the three sets of submicron polymer particles were similar in hardness at neutral pH, but differences occurred when they were exposed to pH 5.0. Hardness measurements were difficult to obtain for swollen eNPs and the values obtained were probably influenced by the hardness of the underlying glass substrate. Further work is necessary to develop both statistically robust methods for TRPS of high dispersity specimens, and effective nanoindentation methods for soft polymer nanoparticles. Apparent squeezing of eNPs during TRPS presents an opportunity to mechanically interact with individual nanoparticles.
